To take existing quantum optical experiments and devices into more practical regimes requires the construction of robust, solid-state implementations. In particular, to observe the strong-coupling regime of atom-photon interactions requires very small cavities and large quality factors. Here we show that the slot-waveguide geometry recently introduced for photonic applications is also promising for quantum optical applications in the visible regime. We study diamond-and GaP-based slot-waveguide cavities (SWCs) compatible with diamond colour centres e.g. nitrogenvacancy (NV) defect. We show that one can achieve increased singlephoton Rabi frequencies of order O(10 11 ) rad s -1 in ultra-small cavity modal volumes, nearly 2 orders of magnitude smaller than previously studied diamond-based photonic crystal cavities. 
Introduction
Cavities and optical resonators are invaluable test beds for the study of quantum optics [1] and condensed matter analog systems [2] [3] [4] . They are the building blocks for prospective technologies including nonlinear optics [5] , single-photon sources [6] , quantum memories [7] and quantum information processing [8] [9] . For these applications, it is critical to realize cavities with both a high quality (Q) factor and small mode volume V since the ratio Q/V determines the strength and coherence time of various cavity interactions, and large-scale integrability of the device.
Numerous cavity designs such as micropillars, microspheres, microdisks, and defects in photonic crystals have been extensively investigated and experimentally demonstrated [10] . In particular, significant attention has turned towards these photonic-bandgap (PBG) defect cavities owing to their extremely high Q/V ratio where experimentally, Q = 10 6 for a siliconbased structure operating at near-infrared (IR) wavelengths has been achieved [11] . However there are few high-Q/V schemes that are compatible with a wide array of diamond-based, quantum electrodynamics (QED) proposals [12] in the visible regime. Optically active diamond defects such as nitrogen-vacancy (NV) centres have shown suitability for singlephoton emission [13] , quantum communication [14] , quantum information processing [15, 16] Within this context, we investigate a newly developed class of waveguides -slot waveguides [38] with the purpose of utilizing slot-waveguide cavities (SWCs) for applications with diamond centres in the visible regime. As depicted in Fig. 1(a) , the light is strongly guided in the narrow region (i.e. slot) of lower refractive index n S between two regions (rods) of higher refractive index n R . The large discontinuities at high index-contrast interfaces enable this light confinement. To date, existing proposals and demonstrations have been limited to near-IR operations [39] [40] [41] [42] . Here we show that slot-waveguide approaches can be used to enhance diamond colour centres for quantum applications. By combining with mirrors, PBG or distributed Bragg reflectors (DBRs) in a Fabry-Perot arrangement as shown in Fig. 1(b) , diamond-and GaP-based slot structures define suitable cavities with modal volumes up to nearly 2 orders of magnitude smaller than previously studied wavelength-sized photonic crystal cavities. This predicts effective cavity-NV single-photon Rabi frequency of 202 × 10 9 rad s -1 and 135 × 10 9 rad s -1 in GaP-air and all-diamond slot structures, respectively. Both DBRs and PBG reflectors capable of achieving cavity-Q factor more than 10 4 have been demonstrated [43, 44] . These results represent a significant step in improving the prospects for solid-state cavity-QED based quantum logic in diamond. 
Cavity designs
To achieve strong, cavity-assisted atom-photon interactions, we require that the electric field per photon be maximal in the vicinity of the dipole. It is generally accepted that the solution of the classical Maxwell's equations can be reinterpreted as a precise description of a onephoton state. Thus, we can classically calculate the mode field distribution E(r) for a given cavity mode and rescale appropriately. To do so, we define -as an intermediate quantity -the (classically calculated) energy density ξ(r) = n(r) 
where we have also introduced the mode volume V given by:
As an example, we consider the simple case of a point defect cavity in a diamond-based PBG with a mode volume (λ/n) 3 , which is of the order typically obtained in theoretical diamond designs [29] . The theoretical limit for the fundamental mode of a point defect cavity is of order (λ/2n) Table 1 . Note the reduction in electric field in the vicinity of the bridge in (d), however this is still greater than for the λ 3 -cavity case.
An electric dipole in the cavity will couple to the electric field, resulting in observable Rabi oscillations providing the dipole-cavity coupling is greater than the competing loss processes (e.g. absorption and photon outcoupling). The single-photon Rabi frequency is given by g(r) = µ·E(r)/ħ in units of angular frequency, where µ is the transition dipole moment associated with the atomic transition of frequency ω. It is therefore a measure of the coupling strength of the matter-photon interaction on the quantum level. The magnitude of the transition dipole moment can be determined from the spontaneous emission rate γ using the relation |µ µ µ µ| 2 = 3πħε 0 c 3 γ/(nω 3 ). For instance, the NV centre has an excited-level lifetime of around 11.6 ns [46] and emission via the purely electronic ZPL decay channel contributes 3% of the total photoluminescence output [27,46]. The relatively low branching ratio to the ZPL transition lowers the effective transition dipole moment of the ZPL to 3.1 × 10 -30 Cm (compared to 1.8 × 10 -29 Cm for the total transition dipole moment), leading to a singlephoton Rabi frequency of 12 × 10 9 rad s -1 for a λ 3 cavity. We consider four designs, (1) diamond-air structure: using diamond (n R = n dia = 2.4) as the high index rods and air (n S = n air = 1) as the low index slot, (2) GaP-air: GaP rods (n R = n GaP = 3.3) with an air slot, (3) diamond-silica: diamond rods and silica slot (n S = n silica = 1.45), and (4) GaP-diamond: GaP rods and diamond-slot. The claddings of the structures are taken to be matched the slot material. These media are chosen for their transparency in the visible. Diamond possesses the widest optical transparency window, GaP is transparent over the 554-828 nm range [47] , and cavity loss via absorption in silica is only 6 × 10 -5 dB/cm, hence they are suitable for our purposes. They also set up required index discontinuities that enable cavity confinements. The GaP-air slot should exhibit the greatest confinement due to a large index contrast (n R -n S )/n R = 0.70, followed by (in order) diamondair (contrast is 0.59), diamond-silica (0.40) and GaP-diamond (0.28) slots. We solve for the fundamental quasi-TE mode of these structures at λ = 637 nm numerically using the FIMMWAVE FMM real solver [48] . Since these true modes are theoretically lossless and materials are near non-attenuating, cavity loss is predominantly due to scattering at the reflective boundaries. The characterization of cavity quality factor Q of a SWC is beyond the scope of this work but we comment on the state-of-the-art engineering in Section 5.
Finally, some of these calculated cavity modes are reported in Fig. 2 . In Figs. 2(a), 2(b) , the optical intensity and the E x -field distributions of the TE-mode are calculated for a diamond-air structure with dimensions {w S , w R , h} = {20,140,110} nm, illustrating a strong Efield confinement within the empty slot region. In the first three designs, the NV centre must ultimately be housed in a nanocrystal or diamond bridge. If the nanocrystal or bridge is small compared to rod height h and cavity length l, it will only induce a small perturbation to the local field of the standard mode. These empty-slot solutions can be taken as representative mode solutions for a SWC augmented with a small nanocrystal or bridge. In Figs. 2(c), 2(d) , we consider the use of a 20 nm high bridge that extends over the cavity length inside a {20,120,130} nm diamond-air slot. Despite the reduction in field intensity in the vicinity of the bridge, the local field and energy density remain high within the higher-n diamond bridge and, more importantly as we will see in next section, are still greater than the comparable λ 3 -cavities. Fig. 3. (a) . Field amplitude Ex(r0) for varying rod dimensions of a diamond-air structure with slot width wS = 20 nm. (b) Ex(r0) for different wS and various slot waveguide designs using optimal rod designs given in Table 1 . Hollow and solid circles denote data points for designs with and without a 20 nm diamond bridge, respectively. Dashed lines are guides for eyes.
Design optimization
We first investigate the influence of rod width w R and height h on the dominant E x (r) component of the TE-mode. In Fig. 3(a) , where this is calculated for a 20 nm slot diamond-air arrangement, there is an optimal rod size of roughly 140 × 110 nm (w R × h) that maximizes the field strength E x (r 0 ), where r 0 is the centre of the cavity and the assumed location of the dipole. This optimal design is dependent on the slot width, although only weakly. We have used the optimal 20 nm design as a close match over the range we are investigating. The simulations are performed for 1 fW input power using a domain size of 2.36 × 2 µm. Significant variations in rod dimensions must occur before the local field is halved. The same optimization routine was performed for the other designs with a 20 nm slot. The optimum rod dimensions, and corresponding E x (r 0 ) and x-component of the per-photon field E x (r 0 ), are summarized in Table 1 . Notably, the field amplitudes are an order of magnitude greater than 0.4 MV/m in the λ 3 -cavity. Further mode improvements are expected by reducing the slot width, as shown in Figs. 3(b) and 4 . When the bridge is absent, decreasing slot width (< 30 nm), of particularly higher-contrast structures (i.e. GaP-air and diamond-air), results in a greater increase in E x (r 0 ) and improvement in optical confinement. This trend is not shared by the structures with a bridge -the variations in E x (r 0 ) are relatively small with decreasing slot width. In other words, the bridge has the advantage of guiding the light field strongly between the rods, as shown in Fig. 2(c) , even when the slot is wide. Although the 5 nm slot GaP-air arrangement represents the better design, the practicality of realizing this scheme in comparison with other arrangements warrants further discussion in Section 5. 
Fabrication considerations
Of the designs we have proposed, the most straightforward to fabricate would be the GaP-air or diamond-air structures, mainly through the simplicity afforded by a monolithic structure. Vertical confinement could be achieved for GaP structures by transferring a GaP layer onto a substrate of silica or diamond [50] . For diamond there is the possibility of depositing CVD diamond onto silica [51] or more desirably using ion implantation to create an airgap or membrane in single crystal diamond [52, 53] . The waveguides could then be fabricated in these layers using e-beam lithography (EBL) to pattern the structures [38] and then using the appropriate masking/dry etching techniques for the material [54] . Inclusion of the NV centre in the structure can be achieved using either a diamond nanocrystal or the inclusion of a diamond bridge. Both solutions present fabrication difficulties although the nanocrystal seems the easier of the two. A nanocrystal will require careful placement in the air-slot and ideally have some method of positioning it at the centre by height. The diamond bridge adds significant complexity to the fabrication, but it may be possible to apply the ion implantation methods mentioned above to create the structure entirely in single crystal diamond (i.e. diamond rods and bridge) or perhaps by more standard deposition methods in a mixed material scenario.
Although the slot designs presented earlier in this paper have a vertical slot, fabricating the slot horizontally [41] has a number of advantages. These include reducing interface roughness and facilitating narrower slots due to the slot being formed by deposition of layers as opposed to the lithography and etching required for vertical slots. This presents a practical way of achieving slot widths down to the order of 10 nm that we have examined. Obviously this is not easily achievable with air as the slot material and is a more practical solution for the GaPDiamond structure. If a tri-layer of GaP-diamond-GaP can be produced then it becomes easier than the air slot structures to fabricate as the smallest feature that needs to be defined by EBL, or other lithography, is the rod height h which is of the order of 100 nm. In addition to this, the NV centre could be created by implantation [12] before the top GaP layer is applied.
Fabrication of the DBRs would most likely be achieved using EBL to pattern the reflectors in the same lithography step in which the slot-waveguide is defined. If it is advantageous for alignment purposes to fabricate the mirrors after the inclusion of the NV, a technique such as focused ion beam (FIB) milling may be more appropriate. A waveguide cavity using DBRs as we have discussed has been fabricated in silicon, achieving a reflectivity of 99.4% and quality factor Q ~ 27000 [43] . The same fabrication methods can be used to achieve alternate mirror systems such as the tapered 1D PBG structures used in [44] which have demonstrated quality factors as high as Q = 58000 in a waveguide cavity.
Conclusion
High optical confinement slot-waveguide cavities (SWCs) compatible with diamond optical defects (in particular, the NV) in the visible regime have been proposed in various configurations. When combined with suitable mirrors or distributed Bragg reflectors, the mode-optimized 5 nm wide GaP-air slot designs (with and without a diamond bridge) offer subwavelength-sized cavity modal volumes -nearly 2 orders of magnitude smaller than the theoretical limit of a diamond-based photonic crystal cavities, and 20-fold smaller volumes are predicted for a more modest 20 nm GaP-air slot and all-diamond designs. As a result, we expect high single-photon Rabi frequency on the order of 10 11 rad s -1 in a range of designs and slot widths. The increased light-matter interaction with diamond defect centres should relax the Q requirement for achieving strong coupling conditions for enhanced photon emission and observing nonlinear effects. Given the merits of using diamond and its opticallyactive defects, these SWCs are enablers for quantum optical applications and new experiments in solid-state cavity-QED.
